Objectives: At poor signal-to-noise ratios, speech understanding may depend on the ability to combine speech fragments that are distributed across time and frequency. The goal of this study was to determine the effects of development and hearing impairment on this ability.
InTRODUcTIOn
Good speech recognition in complex masking backgrounds, where spectral characteristics change dynamically over time, may depend on the ability of the listener to piece together a target sound from fragments that occur in spectral regions and temporal epochs where the signal-to-noise ratio (SNR) is relatively high (e.g., Miller & Licklider 1950; Howard-Jones & Rosen 1993; Assmann & Summerfield 2004; Buss et al. 2004; Cooke 2006; Hall et al. 2008b ). The present investigation examined this type of ability in adults and children with normal hearing and with sensorineural hearing impairment. Maskers were used that were steady (not modulated) or contained temporal modulation, spectral modulation, or both temporal and spectral modulation (Peters et al. 1998 ). The study by Peters et al. (1998) indicated that adults obtained more masking release with combined temporal/spectral modulation than for either type of modulation alone. Part of the rationale for the present study is related to the theoretical complexity of this kind of task. Although developmental psychoacoustical results indicate that children as young as 5 to 6 yr have relatively adult-like abilities on some hearing tasks, paradigms involving complex masking backgrounds can be associated with continued development until the age of 10 yr or later (e.g., Wightman et al. 2003; Hall et al. 2005 Hall et al. , 2008a . It is therefore of interest to determine whether there are developmental effects in the ability to combine speech fragments that are distributed across time and frequency.
It is also of interest to determine whether the ability to combine speech fragments that are distributed across time and frequency might be particularly poor in children with hearing impairment. It is possible that development of this ability could be hampered if the underlying cues are encoded with reduced quality. Reductions in cue quality could occur, for example, because of poor frequency selectivity (e.g., Zwicker & Schorn 1978; Tyler et al. 1984 ), a deficit that would not be offset by amplification. Such an effect in children with hearing impairment would be demonstrated by a significant interaction between age and hearing impairment, reflecting a disadvantage that is greater than predicted on the basis of combined age and hearing impairment effects.
Although we are not aware of any previous studies that have specifically examined normal developmental effects for speech in noise having spectral modulation or combined spectral and temporal modulations, the effects of temporally modulated maskers have been investigated. Studies by Stuart et al. (2006) and Stuart (2008) for words and sentences, respectively, concluded that the speech recognition benefit associated with temporal modulation of masking noise did not differ between adults and children. However, both of these studies indicated that children had poorer performance than adults in both steady and modulated noise.
With regard to hearing impairment, previous studies on adult listeners have shown that masking release resulting from temporal modulation of a masking noise is reduced in listeners with hearing impairment relative to listeners with normal hearing (e.g., Wilson & Carhart 1969; Festen & Plomp 1990; Eisenberg et al. 1995; Peters et al. 1998; George et al. 2006) . A speech perception study by Peters et al. (1998) indicated that masking release resulting from spectral modulation of the masking noise was also associated with reduced benefit in adults with hearing impairment, a finding that was compatible with previous psychoacoustical data indicating that listeners with sensorineural hearing impairment have reduced frequency resolution (e.g., Pick et al. 1977; Tyler et al. 1984; Moore & Glasberg 1986 ). Furthermore, the study by Peters et al. indicated reduced benefit in adult hearing-impaired listeners for temporal modulation and for combined temporal/spectral modulation.
In summary, the present study examined effects of hearing loss and age on the ability to combine speech fragments that were distributed across time and frequency. The major goals were to determine normal development of these abilities and to establish whether this development was affected by hearing impairment. To accomplish these goals, we measured speech understanding in noise that was steady, temporally modulated, spectrally modulated, or both temporally and spectrally modulated. Following the collection of data on these conditions, we became aware of recent arguments suggesting that masking release in modulated noise may be closely linked with the SNR associated with the steady noise baseline condition (Bernstein & Grant 2009; Bernstein & Brungart 2011) . We therefore ran supplementary conditions to investigate that question. The results from the supplementary conditions are presented following the results of the main experiment.
MATERIALs AnD METhODs stimuli and Procedures
Following the methods of Peters et al. (1998) , the present speech experiment used maskers that were steady, temporally modulated, spectrally modulated, or both temporally and spectrally modulated. Specifically, the masking conditions used here included (1) steady speech-shaped noise; (2) speech-shaped noise that was temporally modulated (100% sinusoidal modulation at a rate of 10 Hz); (3) speech-shaped noise that was spectrally modulated with multiple spectral notches, each spanning three equivalent rectangular bandwidths (Glasberg & Moore 1990) , separated by regions of masking noise bands that were also three equivalent rectangular bandwidths wide; and (4) speech-shaped noise that was modulated both temporally (10 Hz sinusoidal) and spectrally (three equivalent rectangular bandwidths). In this latter condition, the noise was first amplitude modulated and then filtered. The frequencies of masker bands associated with spectral modulation are summarized in Table 1 .
The signal used in this experiment was a male voice speaking Bamford-Kowal-Bench (BKB) sentences (Bench et al. 1979 ). These sentences have been shown to yield an appropriate measure of speech perception in young children (Uchanski et al. 2002) . Sentences contained from three to five keywords (average of 3.7 keywords). The BKB corpus consists of 21 lists of 16 sentences, allowing presentation of a novel sentence on each listening interval for every condition. All testing was completed using a speechshaped noise masker, generated to match the long-term average spectrum of the BKB sentences. The speech-shaped noise was presented at an overall level of 86 dBA and was played continuously throughout all conditions. This level was reduced by approximately 3 dB in the conditions associated with spectral modulation because the spectrum level in the band pass regions of the masker was the same as in the baseline condition. The stimuli were delivered to the listeners through Sennheiser headphones (HD 265).
Each listener sat with an experimenter in a double-walled sound booth. The experimenter was positioned in front of a visual display that showed the current sentence. The listener was seated such that the display was not visible. The listener was presented with a clearly audible sample of the word "ready" spoken by the same adult male who produced the target sentences. After a 500 msec delay, the target sentence was presented. The listener was instructed to repeat as many words from the target sentence as possible after each presentation and to guess when unsure of any words. No feedback was provided. The experimenter recorded errors after each listener response. Testing used an adaptive staircase procedure that was broadly based on the study by Levitt (1971) . The speech presentation level was increased by 2 dB if one or more words were missed, and the level was reduced by 2 dB if all keywords were correctly identified. The run was stopped after eight reversals, and the masked speech reception thresholds (SRTs) were taken as the average signal level at the final six reversals.
Listeners
Listeners included adults and children with normal hearing and adults and children with mild/moderate, bilateral sensorineural hearing impairment. Listeners with mixed hearing losses (combined sensorineural and conductive) were excluded from participation. There were 10 adults with normal hearing. These listeners had a mean age of 24.0 yr (SD  2.9), ranging from 18.9 to 27.3 yr. There were nine adults with hearing impairment. These listeners had a mean age of 35.0 yr (SD  16.1), ranging from 18.6 to 53.7 yr. There were eight children who had hearing impairment since infancy. These listeners had a mean age of 8.9 yr (SD  1.2), ranging from 7.2 to 10.7 yr. Hearing intervention data for the children with hearing impairment are shown in Table 2 . & HEARING, VOL. 33, NO. 3, [340] [341] [342] [343] [344] [345] [346] [347] [348] Children with normal hearing were initially recruited to match in age the children with hearing impairment. This subgroup was composed of 11 listeners. The mean age was 9.0 yr (SD  1.2), ranging from 7.3 to 11.1 yr. Because one of the goals of the study was to examine normal development of the ability to combine spectro-temporally distributed speech cues, we recruited an additional cohort of younger children with normal hearing. This subgroup was composed of 10 listeners. The mean age was 5.9 yr (SD  0.8), ranging from 4.6 to 6.9 yr. These two groups will be referred to as younger and older children. For listeners with normal hearing, the left ear was tested and for listeners with hearing impairment, the better ear was tested except when the better ear had only a mild hearing loss. An independent speechshaped noise, 40 dB down from the speech-shaped masker, was presented continuously to the contralateral ear of all listeners to prevent the availability of speech cues via crossover. Mean audiometric data for the adult and child listeners with hearing impairment are shown in Figure 1 . All listeners with hearing impairment were users of hearing aids. All the children with hearing impairment had been fitted with hearing aids for at least 3 yr before data collection and had worn hearing aids consistently since their initial hearing aid fitting.
REsULTs
For the sake of clarity, the normal developmental effects will be considered before examining effects of hearing impairment.
A criterion of p < 0.05 was used in all statistical tests performed in this study. As in the study by Peters et al. (1998) , masked SRTs are reported in terms of SNR.
normal Developmental Effects
The mean masked SRTs are shown in Figure 2 . The mean SRT in the steady masker and the mean masking release for the various modulation conditions are summarized in Table 3 . Adults and children with normal hearing showed masking release for temporal and for spectral modulation, and the most masking release was seen for combined temporal/spectral modulation (see Fig. 2A and Table 3 ). This pattern of results is similar to that shown by Peters et al. (1998) for adults with normal hearing. As shown in the figure, children with normal hearing demonstrated higher masked thresholds than adults.
In the first analysis comparing adults and children with normal hearing, an analysis of variance (ANOVA) was performed to examine age effects for the baseline condition, in which the masker was steady speech-shaped noise. This analysis included two groups of children (younger and older) and adults. The analysis indicated a significant effect of group (F [2,28]  7.3; p < 0.003). Post hoc (Tukey honestly significant difference) testing indicated that the adults had significantly lower masked SRTs than both the younger (p  0.003) and older (p  0.026) children, but that the difference between the younger and older children was not significant (p  0.586). Figure 3 shows a plot of the masked SRTs for the baseline condition as a function of child age. The figure shows a trend for lower thresholds with increasing age, but the correlation did not reach statistical significance (p  0.067, one-tailed).
A repeated measures ANOVA was performed to examine possible group differences in masking release. Masking release was defined as the baseline (steady speech-shaped noise) threshold minus the threshold for one of the three modulation conditions. Again, the analysis included two groups of children and adults. This analysis showed a significant effect of masking-release condition (F [2,56]  210.4; p < 0.001), a significant effect of age group (F [2,28]  5.0; p  0.014), and a significant interaction between masking-release condition and age group (F [4,56]  4.6; p  0.003).
Tests of simple effects (Kirk 1968 ) were performed to determine the source of the significant interaction. Tests of simple effects examine the effect of one independent variable (e.g., age group) within one level of a second independent variable (e.g., the configuration of masker modulation). This showed the following:
For temporal modulation, adults had significantly more 1.
masking release than the younger children (p < 0.001) but did not differ significantly from the older children (p  0.055). The two child groups did not differ significantly from each other (p  0.078). For spectral modulation, there were no significant differ-2.
ences between any groups (p  0.287 or greater). For combined temporal/spectral modulation, adults 3.
had larger masking release than both the younger (p  0.003) and older (p  0.004) children, but the two child groups did not differ significantly from each other (p  0.897).
Effects Related to hearing Impairment and Development
Compared with the adults with normal hearing, the listeners with hearing impairment had higher thresholds and reduced masking release (see Fig. 2 and Table 3 ). Statistical analyses were performed to evaluate the effects of hearing loss and age in the present experiment. The data of the normal-hearing children who were matched in age to the children with hearing impairment (the older group of children with normal hearing) were used for the statistical tests reported later. The first analysis was an ANOVA comparing the steady speech-shaped noise baseline condition across age (adult versus child) and hearing impairment (normal hearing versus impaired hearing). The adults had significantly lower thresholds than children (F [1,34]  9.2; p  0.005), and listeners with normal hearing had significantly lower thresholds than listeners with hearing impairment (F [1, 34]  13.4; p  0.001). The interaction between age and hearing impairment was not significant (F [1, 34]  0.26; p  0.610).
A repeated-measures ANOVA was also performed to examine the effects of age and hearing impairment on masking release. This analysis had a within-subjects factor of maskingrelease condition and between-subjects factor of age group and hearing impairment. This analysis showed a significant effect of masking-release condition (F [2,68]  124.1; p < 0.001), a significant interaction between masking-release condition and hearing loss (F [2,68]  24.3; p < 0.001), and a significant interaction between masking-release condition and age (F [2,68]  6.4; p  0.003). The three-way interaction among masking condition, hearing impairment, and age was not significant (F [2,68]  0.07; p  0.931). For between-subjects effects, there was a significant effect of hearing loss (F [1, 34]  79.5; p < 0.001) and a significant effect of age (F [1,34]  6.1; p  0.019). The interaction between age and hearing impairment was not significant (F [1, 34] 
As noted earlier, the interactions between masking-release condition and hearing impairment and between masking-release condition and age were significant. Therefore, tests of simple effects (Kirk 1968 ) were performed to determine the sources of the interactions. We first consider the significant interaction between masking-release condition and hearing impairment. This indicated the following:
1. For the listeners with normal hearing, all maskingrelease conditions differed significantly from each other Fig. 3 . Masked speech reception thresholds in the baseline condition, expressed as signal-to-noise ratio, are plotted against listener age. Both the younger and older child groups with normal hearing are represented. The best fitting regression line is also shown.
(p < 0.001), with combined temporal/spectral modulation associated with the greatest masking release and temporal modulation associated with the smallest masking release. 2. For the listeners with hearing loss, masking release for spectral modulation did not differ from the masking release for combined temporal/spectral modulation (p  0.17). The other masking-release conditions differed significantly from each other: masking release for spectral modulation was greater than for temporal modulation (p < 0.001); and masking release for combined temporal/spectral modulation was greater than for temporal modulation (p < 0.001). 3. The listeners with hearing impairment had smaller amounts of masking release than listeners with normal hearing for all three masking-release conditions (p < 0.001).
We now consider simple effects for the significant interaction between masking-release condition and age. This indicated that the children did not differ significantly from adults for spectral modulation (p  0.439) but had significantly smaller masking release than adults for temporal modulation (p  0.030) and for combined temporal/spectral modulation (p  0.002).
Finally, analyses were performed which included only the listeners with hearing impairment. Figure 2B shows that the threshold for the temporal modulation condition was only slightly better than for the baseline steady speech-shaped noise condition. Therefore, one question of interest was whether the listeners with hearing impairment attained a significant masking release for temporal modulation. A repeated-measures ANOVA comparing the steady speech-shaped noise baseline threshold with the threshold in temporally modulated noise indicated no significant difference (F [1, 15]  2.3; p  0.149) and no interaction with age (F [1,15]  1.5; p  0.239). An additional question of interest was whether, despite the lack of a significant effect for temporal modulation, there was nevertheless evidence of an interaction such that the masking release for combined temporal/spectral modulation was greater than for spectral modulation alone. This was examined with a repeated-measures ANOVA comparing masking release for spectral modulation with masking release for combined temporal/spectral modulation. This showed no significant effect of condition (F [1,15]  1.4; p  0.248) but a significant interaction between condition and age (F [1, 15]  5.39; p  0.035). Simple effects testing indicated that the interaction was due to the fact that the children with hearing impairment showed no difference between spectral masking release and the combined temporal/spectral masking release (p  0.453), but the adults with hearing impairment showed more masking release for combined temporal/spectral masking release than for spectral masking release (p  0.021). The overall effect of group was not significant (F [1, 15]  1.28; p  0.275). Bernstein and Grant (2009) recently speculated that the reduced masking release for speech in temporally modulated noise shown by hearing-impaired listeners may be related to the SNR associated with the baseline (steady noise) condition. This was based in part on a previous filtered speech study by Oxenham and Simonson (2009) , indicating that normal-hearing listeners showed relatively small benefit from masker fluctuation for filtered speech conditions where the SNR at threshold was relatively high in the baseline condition. It has been suggested that the effect of SNR on masking release may be a result of the nonuniform distribution of speech cues as a function of intensity (Freyman et al. 2008; Bernstein & Grant 2009; Bernstein & Brungart 2011) .
Interim consideration of factors Related to snR
As noted previously, the normal-hearing children and both of the hearing-impaired groups in the present study achieved baseline condition thresholds at SNRs that were higher than those of the normal-hearing adults. We investigated supplementary conditions on normal-hearing adults to examine what effect a higher SNR in the baseline condition would have on the masking release obtained in the modulation conditions. This was done by repeating the conditions of the main experiment, but using a threshold estimation procedure that converged on a higher percent correct point on the psychometric function. Recall that in the main experiment, the speech presentation level was increased by 2 dB if one or more words were missed on a sentence, and the level was reduced by 2 dB if all keywords were correctly identified. In the supplementary conditions, the speech presentation level was increased by 2 dB if one or more words were missed, and the level was reduced by 2 dB if all keywords were correctly identified on two consecutive trials. Ten new adults with normal hearing participated. Figure 4 shows the results of the supplementary conditions along with the results of the normal-hearing and hearingimpaired adults in the main experiment for comparison (see also Table 3 ). It can be seen that the modified threshold procedure was successful in raising the SNR at threshold for the baseline condition. In fact, the average threshold obtained was higher than that obtained for the normal-hearing children and for either group with hearing impairment. Statistical tests were performed comparing the data of the adults with normal hearing from the main and supplementary conditions. A t-test indicated that the adults in the supplementary conditions had higher baseline thresholds than the adults tested in the main experiment (t 18  7.1; p < 0.001). A repeated-measures ANOVA examining masking release for temporal, spectral, and combined temporal/spectral modulation indicated a significant effect of condition (F [2, 36]  85.0; p < 0.001). However, the effects of group (F [1,18]  3.1; p  0.094) and interaction between masking-release condition and group (F [2,36]  1.9; p  0.168) did not reach statistical significance. Thus, even though the procedure used in the supplementary experiment resulted in baseline SNRs that were higher than those of the normal-hearing children and the hearing-impaired groups in the main experiment, the supplementary conditions did not show the significant reduction in masking release that occurred in these groups. The fact that masking release was not significantly reduced in the supplementary conditions would tend to undermine an interpretation that effects related to SNR account for the relatively large reduction in masking release shown by the listeners with hearing impairment. That is, the adults tested in the supplementary conditions did not show a significant decrease in masking release, while the listeners with hearing impairment did not even show a significant masking release for temporal modulation. We also performed a repeated-measures ANOVA comparing masking release for listeners with normal hearing in the supplementary conditions to the adult listeners with impaired hearing in the main experiment. This showed significant effects of condition (F [2,34]  35.2; p < 0.001) and group (F [1,17]  18.8; p < 0.001), and no significant interaction (F [2, 34]  2.7; p  0.08). This result supports the idea that the reduced masking released found in the listeners with impaired hearing cannot be accounted for entirely in terms of a SNR factor. Nevertheless, it should be pointed out that the supplementary results showed a trend for reduced masking release (see Table 3 ) and we cannot rule out some influence of SNR on the reduced masking release demonstrated by the listeners with hearing impairment.
It is also possible that there was an influence of SNR in the reduced masking release demonstrated by children with normal hearing in temporally modulated noise. Compared with the adults with normal hearing, the younger children with normal hearing showed more modest reductions in masking release than the groups with hearing impairment. As indicated earlier, the adults in the supplementary conditions did not show significantly reduced masking release compared with the adults in the main conditions. This tends to weigh against the idea that the younger children with normal hearing had reduced temporal masking release solely because of the effects related to SNR. Evidence for this would be even stronger if the children showed a reduction in masking release when compared with the adults tested in the supplementary conditions. Analyses were conducted to examine this issue, comparing the adults in the supplementary conditions with the younger children in the main experiment. A t-test indicated that the adults in the supplementary conditions had higher baseline thresholds than the young children tested in the main experiment (t 18  3.3; p  0.005). A repeated-measures ANOVA examining masking release for temporal, spectral, or combined temporal/spectral modulation indicated a significant effect of condition (F [2, 36]  81.5; p < 0.001). However, the effects of group (F [1, 18]  01.0; p  0.333) and interaction between masking-release condition and group (F [2,36]  1.9; p  0.167) did not reach statistical significance. The fact that the masking release of the adults in the supplementary condition did not differ from that of the children in this analysis could be seen as consistent with the idea that effects related to SNR could have contributed to the smaller masking release shown by the normal-hearing children for temporal modulation.
In summary, the supplementary data indicate that the reduced masking release found for listeners with hearing impairment cannot be accounted for in terms of SNR. However, we cannot rule out the possibility that considerations related to SNR had some contribution to the reduced masking release found in the present study for some groups and conditions. It should also be noted that the present study examined the SNR issue with only the single approach of using a threshold procedure that resulted in a relatively high SNR in the baseline condition. It may be informative to investigate other approaches.
DIscUssIOn

Adults and children with normal hearing
With regard to the baseline condition of steady speechshaped noise, both the younger and older children had higher masked SRTs than the adults, but the younger and older child groups did not differ significantly from each other. Recall that the correlation between the masked SRTs and age among children with normal hearing was not significant using a one-tailed test (p  0.07). It is somewhat difficult to compare this result with previous studies because of methodological differences, but some previous developmental studies indicate that masked speech recognition thresholds improve significantly over the age range of 6 to 10 yr. For example, this has been reported for spondees in speech-shaped noise (Hall et al. 2002) and for Hearing In Noise Test sentences (Nilsson et al. 1994 ) in a broadband noise having a flat spectral shape (Stuart 2008) . The norms for the BKB Speech in Noise test (EtymoticResearch 2005) , which uses a multitalker masker, indicate that masked SRTs improve by about 2.6 dB from the age of 6 to10 yr. In the Fig. 4 . Masked speech reception thresholds, expressed as signal-to-noise ratio, for normal-hearing adult listeners tested in the supplementary conditions (open circles). Thresholds for the adults in the main experiment are replotted, black circles for listeners with normal hearing and gray circles for listeners with hearing impairment. The horizontal lines (dashed for the supplementary conditions and solid for the main experiment conditions) mark the threshold for baseline condition having no modulation. Error bars show 1 SD.
present study, using a speech-shaped noise masker, the trend was for the masked SRTs to improve by about 1.6 dB over this age range.
Across the conditions tested here, a general finding was that adults and children showed broadly similar patterns, with children having approximately 3 to 5 dB higher masked SRTs. In terms of the detail of the pattern, both child groups benefited from spectral modulation as much as adults, but they benefited less for combined temporal/spectral modulation. The younger group of children also benefited less than adults for temporal modulation. Both children and adults with normal hearing achieved more masking release in the combined masking-release condition than the better of the spectral-only or temporal-only masking-release conditions. Thus, both children and adults benefited from combined masking-release cues, with this benefit being less for children. It is possible that the smaller masking release that children showed for combined temporal/ spectral modulation is related to the complexities of the tasks. For example, the ability to piece together speech fragments at the improved SNRs available in either temporal gaps or in spectral gaps could be considered less complex than the ability to piece together speech fragments that are distributed across both spectral and temporal gaps. The present results suggest that the ability to combine speech cues that are distributed across temporal and spectral gaps may not be completely developed in children for the age range examined here.
The present findings of a developmental effect for masking release related to temporal modulation can be compared with previous results of Stuart (2008) who measured word recognition for sentences presented in steady and temporally modulated broadband noise. Stuart (2008) measured performance in five groups of children (6-7, 8-9, 10-11, 12-13, and 14-15 yr) and in adults. Although the results of the study by Stuart showed no significant effect of age group for masking release, it may be relevant to note the that the p-value approached statistical significance (p  0.057) and that there was a general trend for the masking release for temporal modulation to increase with increasing age among the children. The present results indicated that release from masking for temporal modulation was significantly larger in adults than in children ranging in age from 4.6 to 6.9 yr but not for the children ranging in age from 7.3 to 11.1 yr. Note that some of the children in the present study were younger than the youngest child tested by Stuart. Because of this and because of the similarity in trends between the two studies, it seems reasonable to conclude that the study by Stuart (2008) and the present study are not in conflict with each other in terms of the developmental trends related to temporal modulation masking release.
One question of interest is whether the reduced masking release for temporal modulation found here for the younger children is because of relatively poor temporal resolution, conceptualized in terms of a temporal window with a relatively long time-constant. Previous results from the study by Hall and Grose (1994) would tend to argue against such an account. Hall and Grose, using a psychophysical temporal modulation transfer function method (Viemeister 1979) , found that although children were less sensitive to modulation than adults, there was no developmental effect for the time-constant estimated from the decrease in sensitivity as a function of increasing modulation frequency. It is possible that the reduced masking release in temporally modulated noise shown here by the younger children is related to poor efficiency in taking advantage of the improved SNR in temporal gaps rather than to a prolonged time-constant for temporal processing. One possible interpretation is that younger children are relatively poor at piecing together a speech signal from cues that are distributed across temporal epochs where the SNR is relatively high. The supplemental conditions of the present study also raise the possibility that the smaller masking release for temporal modulation found for young children may be related to the relatively high SNR associated with their baseline masked thresholds.
The present results indicated that adults and children with normal hearing had similar abilities to take advantage of the spectral gaps in the masking noise used here. This finding is consistent with an interpretation that frequency selectivity was similar across the ages tested, a conclusion that is in accord with previous psychoacoustical tests of frequency selectivity for listeners in this age range (Allen et al. 1989; Hall & Grose 1991) . It should be noted, however, that adult-like frequency selectivity in children need not necessarily translate to adultlike performance for speech recognition in spectrally modulated noise. Although a frequency selectivity task often requires the detection of a fixed-frequency tone in a masker background, the speech in spectrally modulated noise task requires the listener to piece together a speech signal from multiple, spectrally distributed regions where the SNR is relatively high. Therefore, the present spectral modulation task could be considered to be more complex than typical tonal detection tasks measuring frequency selectivity.
The present results suggest that the ability to combine speech fragments that are separated in frequency is adult-like in the children tested here. This result is consistent with findings reported previously by Mlot et al. (2009) . That study examined the perception of filtered speech in the absence of a masker in adults and children aged 6 to 14 yr. In the first stage of testing, sentences were band-pass filtered around either 500 or 2500 Hz, and the bandwidth of the filter was varied to determine the bandwidth necessary for approximately 20% correct speech recognition. In a second stage of testing, these bandwidths were presented with either one band or both bands present. The main finding was that both children and adults demonstrated a similar increase in performance when the two bands were presented together. It may be of interest for future research to determine whether it is a general finding that children develop the ability to combine spectrally separated speech fragments earlier than the ability to combine speech fragments that are separated in time.
Adults and children with hearing Impairment
As is apparent in Figure 2 , adults and children with hearing impairment had similar patterns of results. Both groups clearly showed less masking release in comparison with listeners with normal hearing. This finding is in agreement with past studies on adults with hearing impairment showing poor masking release for temporal modulation (Wilson & Carhart 1969; Festen & Plomp 1990; Takahashi & Bacon 1992; Eisenberg et al. 1995; Peters et al. 1998; George et al. 2006 ) and with the study of Peters et al. (1998) showing reduced masking release for spectral and temporal/spectral modulation. As noted in the Results section, neither the children nor adults with hearing impairment showed a statistically significant release from masking in the temporal modulation condition. An interesting finding, however, was that the adults with hearing impairment showed a larger masking release when temporal/spectral modulation was present compared with the condition where only spectral modulation was present. In contrast, the children with hearing impairment did not show a larger masking release when both temporal and spectral modulation was present compared with the spectral modulation condition. This result is compatible with the findings in the listeners with normal hearing, where children were less able than adults to benefit from combined temporal/spectral modulation.
Comparing across all groups tested, it is clear that adults with normal hearing had the best performance of all. It is interesting that the children with normal hearing and the adults with hearing loss performed very nearly the same in the steady-noise baseline masker (see Fig. 2 ). Here, the disadvantage associated with being a child listener with normal hearing was nearly the same as that associated with being an adult having mild/moderate sensorineural hearing impairment. However, in the modulation conditions, the adults with hearing impairment, on average, performed more poorly than the children with normal hearing.
The present finding of no interaction between age and hearing loss did not provide support for the hypothesis that poor masking release in children with hearing impairment might arise because of effects related to reduced quality of speech cues during auditory development. Nevertheless, children with hearing impairment showed the poorest overall performance of the four groups tested here. An interesting remaining question is whether the failure to obtain a significant interaction may have been influenced by hearing aid history. All the children with hearing impairment had at least 3 yr experience with hearing aids that had been fitted by experienced pediatric audiologists. It is possible that this factor could have mitigated effects related to reduced quality of speech cues and that different results would occur for children who had not been appropriately fitted with hearing aids. It should also be noted that the conditions examined here were by no means exhaustive, and that the results do not rule out the possibility that an interaction between age and hearing loss may be evident in other approaches investigating the perception of speech in noise.
One practical implication of the present results is related to the idea that children with hearing impairment are at a particular disadvantage in challenging listening environments. It has previously been noted that the relatively poor SNRs associated with many grade school classrooms can present listening problems for both normal-hearing and hearing-impaired children (e.g., Finitzo-Hieber & Tillman 1978; Crandell 1993; Hicks & Tharpe 2002) . The present findings support the notion that such conditions are likely to be particularly troublesome for children with hearing impairment. The findings also support the view, already widely held among pediatric audiologists, that it is important to provide hearing devices, including FM systems (Hawkins 1984) , designed to enhance SNRs in educational settings for children with hearing impairment. cOncLUsIOns 1. Children with normal hearing had higher masked SRTs in speech-shaped noise than adults with normal hearing. Their masking release did not differ significantly from the masking release of adults for spectral modulation, but the younger child group had less masking release than adults for temporal modulation, and both the younger and older groups of children had smaller masking release than adults for combined temporal/spectral modulation. These results are consistent with an interpretation that children in the age range tested here may have some difficulty combining speech information that is distributed across temporal and spectral gaps in the masker. 2. Hearing impairment in children and adults was associated with increased SRTs in speech-shaped noise. Hearing impairment was also associated with reduced masking release for temporal, spectral, and combined temporal/ spectral modulation. Although adults with hearing impairment showed more masking release in the combined temporal/spectral masking-release condition than the spectral masking-release condition, the masking release for the children with hearing impairment did not differ between the spectral and combined temporal/spectral maskingrelease condition. 3. Although the masked SRTs in this study were poorest for the children with hearing impairment, the interaction between age and hearing loss was not significant. This finding does not support the hypothesis that the ability to piece together speech fragments is particularly poor in children with hearing impairment because of developmental delays caused by poor quality of speech cues. The outcome instead suggests that the results of the hearing-impaired children can be accounted for by the combination of general hearing impairment and age effects, with no need to appeal to additional factors associated with reduced auditory input during development. It is possible that experience with optimally fitted hearing aids could have mitigated any effects related to early hearing loss during auditory development. 4. The results of the supplementary conditions of the present study failed to support the idea that the reduced masking release found here for listeners with hearing impairment can be fully accounted for in terms of the higher SNRs associated with thresholds in the baseline condition. However, we cannot rule out the possibility that some of the reduced masking release found in the present study for listeners with hearing impairment and for young listeners with normal hearing was related to higher SNRs associated with masked thresholds in the baseline condition.
